Abstract We recently demonstrated that skeletal muscle differentiation induced by sphingosine 1-phosphate (S1P) requires gap junctions and transient receptor potential canonical 1 (TRPC1) channels. Here, we searched for the signaling pathway linking the channel activity with Cx43 expression/function, investigating the involvement of the Ca 2? -sensitive protease, m-calpain, and its targets in S1P-induced C2C12 myoblast differentiation. Gene silencing and pharmacological inhibition of TRPC1 significantly reduced Cx43 up-regulation and Cx43/cytoskeletal interaction elicited by S1P. TRPC1-dependent functions were also required for the transient increase of m-calpain activity/expression and the subsequent decrease of PKCa levels. Remarkably, Cx43 expression in S1P-treated myoblasts was reduced by m-calpain-siRNA and enhanced by pharmacological inhibition of classical PKCs, stressing the relevance for calpain/PKCa axis in Cx43 protein remodeling. The contribution of this pathway in myogenesis was also investigated. In conclusion, these findings provide novel mechanisms by which S1P regulates myoblast differentiation and offer interesting therapeutic options to improve skeletal muscle regeneration.
Introduction
Sphingosine 1-phosphate (S1P) is a well-described bioactive lipid mediator involved in the regulation of many essential cellular processes, including cell growth and survival, regulation of cell migration, and differentiation [1] . Its role in skeletal muscle cell biology is beginning to be highlighted by recent data showing that the sphingolipid is able to promote satellite cell activation and proliferation [2, 3] , regulate myogenic differentiation [4] [5] [6] , and exert a trophic action on denervated muscle [7] . S1P actions on skeletal myoblast differentiation are strictly dependent on intracellular Ca 2? mobilization [6, 8, 9] , actin cytoskeletal remodeling, and mechanosensitive stretch-activated cation channel (SAC) opening [10, 11] . The formation of stress fibers by S1P has been associated with plasma membrane stretching and, in turn, with SAC activation in C2C12 myoblasts [12, 13] . Several members of the transient receptor potential canonical (TRPC) ion channel family are recognized as promising candidates for SACs in different cell types [14] , including sensory neurons [15] , vascular smooth muscle [16] , endothelial cells [17] , and skeletal myoblasts [4] . Of interest, our recent findings support the involvement of TRPC1/SACs channels in skeletal myogenesis, based on the findings that TRPC1, the isoform mainly expressed in C2C12 cells [4] , is sharply up-regulated by stimulation with S1P and, its down-regulation by specific siRNA is able to negatively interfere with SAC-mediated currents as well as with myoblast differentiation and fusion elicited by S1P [4, 9] . Moreover, evidence points to a role of TRPC1 in store-operated Ca 2? entry in skeletal muscle and in the regulation of myoblast migration and fusion [18, 19] . Interestingly, store-operated channels have been recently demonstrated to be targets of S1P [8, 9] . However, despite the identification of the molecular identity and functional roles of TRPC1 in skeletal myoblasts, little is known about how this channel and its interaction with signaling molecules function within the structural context of living cells to produce the coordinated cellular behaviours required for myoblast differentiation.
There is a substantial body of evidence showing that connexin (Cx)-containing gap junctions are involved in the coordination of numerous cell functions and differentiation processes during organogenesis, through the establishment of direct intercellular communications between neighboring cells [20] [21] [22] . Cx43 protein is the predominant connexin in skeletal muscle and its involvement in myogenesis and muscle regeneration have been well documented [6, [23] [24] [25] . We have demonstrated that expression levels of Cx43 are greatly enhanced by S1P in C2C12 skeletal myoblasts and provided the basis for considering the gap junctional protein as an intracellular target of the pro-myogenic action of the sphingolipid [6] . Of interest, Cx43 may also perform a gap junction independent function, acting as an adaptor protein through its interaction with F-actin and associated proteins, and establishing an organization center for intracellular signal transduction [6, 26, 27] . Like many other membrane proteins, Cx43 also exhibits a rapid turnover (half-life of few hours) controlled by a complex interplay of events involving the protein synthesis/degradation, plasma membrane association, and gap junction internalization.
In this context, our studies and others have shown that Ca 2? -dependent events regulate Cx43 expression in skeletal myoblasts [6] as well as its trafficking, assembly, gating, and turnover [21, 28, 29] .
On the basis of all these observations, in the present study, we investigated the functional relationship between TRPC1 channels and Cx43 protein in C2C12 myoblasts induced to differentiate by S1P, and analyzed the underlying signaling pathway. In particular, we sought to define the role played by S1P-mediated TRPC1 activation on the expression and activity of m-calpain, a Ca 2? -sensitive protease, whose levels increase during early myogenic differentiation and after mechanical stimulation [30] [31] [32] [33] . We also explored the functional repercussion of TRPC1-mediated m-calpain activation in the regulation of classical PKCs, Cx43 remodeling and myoblast differentiation and fusion.
Materials and methods

Cell cultures and treatments
Murine C2C12 skeletal myoblasts obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) were cultured and induced to differentiate in differentiation medium (DM), DMEM (Invitrogen, Eugene, OR, USA) containing 2% horse serum (HS, Invitrogen) in the absence or presence of sphingosine 1-phosphate for 24-48-72 h (S1P, 1 lM; stock 2 mM in 0.1% DMSO Calbiochem, San Diego, CA, USA), as previously reported [6] . Some experiments were performed pre-treating the cells with 50 lM gadolinium chloride (GdCl 3 , Sigma, Milan, Italy; stock 10 mM in 0.1 M HEPES pH 7.3, Sigma), a commonly used pharmacological blocker of SACs and SOCs [4, 34] , with 30 lM carbobenzoxy-Val-Phe-CHO (MDL28170, stock 50 mM in 0.1% DMSO, Sigma) [35] and with 5 lM Gö6976 (stock in 0.1% DMSO, Tocris Bioscience, Bristol, United Kingdom), a selective inhibitor of classical PKCs. All the inhibitors were given 30 min prior to S1P stimulation.
Silencing of TRPC1 and m-calpain by siRNA
To inhibit the expression of TRPC1, a mix of short interfering RNA duplexes (siRNA) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) corresponding to three distinct regions of the DNA sequence of mouse TRPC1 gene (NM_011643) as previously reported [4] was used. The expression of m-calpain was down-regulated using specific siRNA (Sigma) designed in two distinct regions of mouse m-calpain gene (NM_007600): 5 0 AGGUUGAUGAAGU GCUCUG 3 0 ; 5 0 GAUCCCUCUGCAAACCAAA 3 0 . A non-specific scrambled (SCR) siRNA was used as the control. C2C12 myoblasts at 80% confluence were transfected using Lipofectamine 2000 reagent (1 mg/ml; Invitrogen) with TRPC1-or calpain-siRNA duplexes or with SCR-siRNA (20 nM) for 24 h, as previously reported [4, 5] . The specific knock-down of TRPC1 and m-calpain were evaluated by Western blotting or enzymatic assay or confocal immunofluorescence. The efficiency of transfection was estimated to range from 70 to 80%.
Confocal immunofluorescence
C2C12 cells grown on glass coverslips were processed for confocal microscopy examination as previously described [4] . Immunostaining was performed using the following primary antibodies: mouse monoclonal anti-connexin 43 (1:250; Chemicon, Temecula, CA, USA), rabbit polyclonal anti m-calpain (1:50; Sigma), rabbit polyclonal anti-TRPC1 (1:80; Santa Cruz Biotechnology) and mouse monoclonal anti-myogenin (1:50; Sigma). The immunoreactions were revealed by incubation with either goat anti-mouse Alexa 488-conjugated IgG (1:200; Molecular Probes Inc., Eugene, OR, USA), or goat anti-rabbit Alexa Fluor 488 or Alexa 568 conjugated IgG (1:200; Molecular Probes Inc.). Counterstaining was performed with tetramethylrhodamineisothiocyanate (TRITC)-labelled phalloidin (1:100; Sigma) to reveal F-actin filaments. In some experiments, living cells were first incubated with TRITC-conjugated wheat germ agglutinin (TRITC-WGA, 1:250; Molecular Probes Inc.) to label plasma membrane and then fixed and immunostained for calpain expression. The coverslips containing the immunolabeled cells were then viewed under a confocal Leica TCS SP5 microscope (Leica Microsystems, Mannheim, Germany) equipped with a HeNe/Ar laser source for fluorescence measurements and with differential interference contrast (DIC) optics. The observations were performed using a Leica Plan Apo 63X/1.43NA oil immersion objective. A series of optical sections (1024 9 1024 pixels each; pixel size 204.3 nm) 0.4 lm in thickness were taken through the depth of the cells at intervals of 0.4 lm. Images were then projected onto a single 'extended focus' image. When needed, a single optical fluorescent section and DIC images were merged to view the precise distribution of the immunostaining. Co-localization between TRITC-phalloidin and Cx43 fluorescence signals was evaluated by performing the analysis of the fluorescent signal distribution (scatterplot analysis) using the Leica Application Suite Software. Colocalization between calpain and TRITC-WGA signals was evaluated by Image J software (NIH, Bethesda, MD, USA).
Western-blot analysis
Immunoblotting was performed using enhanced chemiluminescence (ECL; Amersham Pharmacia Biotech, Uppsala, Sweden) as previously reported [6, 36] . Total cell lysates, or membrane fractions, obtained from the subcellular fractionation procedures [37, 38] , were resuspended in Laemmli's sample buffer and subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred on PVDF membranes (Hybond TM -P, Amersham Pharmacia Biotech). To immunodetect endogenous proteins, specific rabbit polyclonal anti-TRPC1 (Santa Cruz Biotechnology), rabbit monoclonal anti-C-terminal region of connexin-43 (C6219; Sigma), mouse monoclonal anti-PKCa (Santa Cruz Biotechnology), rabbit polyclonal anti-cortactin (Sigma), and goat polyclonal anti-b-actin (Santa Cruz Biotechnology) antibodies were used. As loading control, the expression of b-actin was evaluated.
Immunoprecipitation
Immunoprecipitation was performed as previously reported [6, 38] . Briefly, cell lysates were resuspended in lysis buffer and, after pre-clearing with Protein A-Sepharose (Amersham Pharmacia Biotech), 2 lg of primary antibody (anti-Cx43) was added. Antibody-protein complexes were collected with Protein A-Sepharose. The immunocomplex was washed and dissolved in 49 Laemmli, proteins separated by SDS-PAGE and immunoblotted using anticortactin antibodies.
Electrophysiological measurements
Transmembrane ion current was measured in single C2C12 cells by whole-cell patch-clamp technique in voltageclamp conditions, as previously described [4] . In these experiments, K
? and Na ? currents were suppressed using a TEA-Ca 2? bath solution containing (in mM) 2 CaCl 2 , 145 TEABr and 10 HEPES, leaving Ca 2? as the only permeant cation. The patch pipettes were filled with solution containing (in mM) 150 CsBr, 5 MgCl 2 , 10 EGTA, and 10 HEPES. The pH was titrated to 7.4 and to 7.2 with TEA-OH for bath and pipette solution, respectively. When filled, the resistance of the pipettes measured 1.3-1.7 MX.
SAC and/or SOC-mediated current (I m ) was determined by subtracting the leak current (I m,leak ) from the total current (I m ). The leak current was evaluated as the residual current recorded 3 min after adding the SAC/SOC blocker GdCl 3 (50 lM; Sigma) to the bath solution at the end of any experimental session. The SAC and/or SOC conductance (G m ) given in the results for any experimental conditions was evaluated from I m .
The evaluation of intercellular currents through gap junctions was performed in C2C12 cell pairs by dual wholecell patch-clamp, as previously described [6] . Briefly, the membrane potentials of cell 1 (V 1 ) and cell 2 (V 2 ) were clamped to the same holding potential, V h = 0 mV. V 1 was then changed to establish a transjunctional voltage (V j ),
To this end, cell 1 was stepped using a bipolar pulse protocol beginning at V j = ± 10 mV and continuing up to ±150 mV in 20-mV increments. Currents recorded from cell 2 corresponded to -I j . We determined the amplitudes of transjunctional current, I j , at the beginning (instantaneous current, I j,inst ) and at the end of each pulse (steady state current, I j,ss ). From those values we calculated the related conductances G j,inst and G j,ss . The G j,ss voltage dependence (G j,ss -V j plot) was best fitted by the Boltzmann function:
where G max is the maximal G j,ss conductance and G min is the residual conductance. G max was calculated from 10 mV step. Temperature was set at 22°C.
Calpain activity
Calpain activity was measured in intact C2C12 cells by using the membrane-permeable fluorescent peptide substrate N-succinyl-leu-tyr-7-amido-4-methylcoumarin (Sue-LLVY-AMC, Sigma), as previously reported [39] . The non-fluorescent Sue-LLVY-AMC, after cleavage by calpains, emits strong fluorescence at a wavelength of 460-480 nm, which was monitored by using a Thermo Fluoroskan Ascent FL microplate fluorescence reader. One hundred thirty micromolar Suc-LLVY-AMC was added to C2C12 myoblasts in serum-free medium further buffered with 40 mM HEPES in 96-well culture plates. The dyeloaded cells were scanned for 10 min to ascertain fluorescence consistency, and also to allow the fluorescent probe to reach equilibrium. The increase of fluorescence was then recorded for 2 h at 30°C after addition of 10 lM ionomycin. For data analysis, fluorescence intensity of each scan was normalized with initial fluorescent intensity (F0) and to total protein of each well.
Statistical analysis
In immunoblot experiments, densitometric analysis of the bands was performed using Imaging and Analysis Software by Bio-Rad (Quantity-One). Band intensity was reported as relative percentage (means ± SEM), obtained by calculating the ratio of specific protein on b-actin intensity and normalizing to control, set as 100. Statistical significance was determined by Student's t test, with a value of p \ 0.05 considered significant. In calpain assay experiments, data were analyzed by one-way ANOVA.
In the immunofluorescence experiments, densitometric analysis of the intensity of Cx43, TRPC1, calpain and WGA fluorescence was performed on digitized images of C2C12 cells using ImageJ software (NIH). Data were reported as a mean ± SEM. At least 50 different cells were analyzed in each experiment (three preparations/experiment). Statistical significance was determined by using one-way ANOVA and a p \ 0.05 was considered significant. Calculations were performed using GraphPad Prism software program (GraphPad, San Diego, CA, USA).
In electrophysiological experiments, statistical analysis of differences between the experimental groups was performed by one-way ANOVA and Newman-Keuls post-test (p \ 0.05 was considered significant). Calculations were made with GraphPad Prism statistical program. pClamp9 (Axon Instruments, CA, USA), SigmaPlot and SigmaStat (Jandel Scientific, San Rafael, CA, USA) were used for mathematical and statistical analysis.
Results
TRPC1/Ca
2? channels are involved in Cx43 expression/ function in S1P-induced myoblast differentiation
To investigate the involvement of SAC/SOC channels in Ca 2? during the early phases of myogenesis, we performed patch-clamp analysis in differentiating C2C12 myoblasts in the presence or absence of specific channel inhibitors. The . Counterstaining was performed with TRITCphalloidin to reveal actin filaments (red). Note that Cx43 is transiently up-regulated during myogenesis and its levels are significantly increased by S1P stimulation and reduced in the presence of GdCl 3 . In the histogram is reported the densitometric analyses of Cx43 fluorescent signal in the indicted experimental conditions. *p \ 0.05 S1P versus basal,°p \ 0.05 S1P ? GdCl 3 versus S1P. The images are representative of at least three separate experiments with similar results. c Western-blot analysis. Aliquots of proteins from cell lysates (15 lg), obtained from cells treated as described in a, were separated by SDS-PAGE and Cx43 immunodetected with specific monoclonal antibodies. P0, P1, and P2 form band intensity relative to b-actin is reported in the graphic as relative expression. The relative percentage of band intensity to control (myoblasts cultured in DM for 24 h) set as 100 (mean ± SEM) is shown. A blot representative of at least three independent experiments with analogous results is shown. Statistical significance respect to control *p \ 0.05 and **p \ 0.01; § p \ 0.05 S1P ? GdCl 3 versus S1P c results showed that when C2C12 cells were differentiated in the presence of S1P (1 lM) for 24 h, the trasmembrane Ca 2? current (G m /C m ) significantly increased of approximately two folds as compared with those cultured in the absence of the bioactive lipid (Fig. 1a) . This current was mainly dependent upon the activation of GdCl 3 -sensitive SAC/SOC channels. In fact, in unstimulated and S1P-stimulated cells, the treatment with 50 lM GdCl 3 caused a 90% reduction in G m /C m as compared to the respective controls. Notably, TRPC1 channels were the principal contributors to the recorded GdCl 3 -sensitive current in both unstimulated and stimulated cells, since G m /C m was reduced of approximately 75% in the cells where TRPC1 protein expression was specifically downregulated by si-RNA (TRPC1-siRNA) (Fig. 1a) . These data indicated the potential role of other channels in contributing to GdCl 3 -sensitive Ca 2? entry. We next tried to explore whether the pro-myogenic action of S1P in these cells was related to the functional interaction between these Ca 2? channels and the gap junction Cx43 protein.
In agreement with our previous findings [6] , confocal immunofluorescence showed that Cx43 protein was up-regulated by S1P (1 lM) during the early stages of myogenesis, reaching the maximal expression at 48 h of differentiation (Fig. 1b) . The treatment with 50 lM GdCl 3 was able to prevent the transient increase of Cx43 in both the cytoplasm and along the peripheral stress fibers, in the regions compatible with the formation of gap junction plaques (Fig. 1b) . By Western blotting, three bands of Cx43, with approximate molecular masses of 42, 44, and 46 kDa were immunodetected in C2C12 cell lysates: a fast-migrating form that includes the non-phosphorylated and phosphorylated forms (referred to as P0), and slow-migrating phosphorylated forms (termed P1 and P2) [21] . Stimulation with S1P increased Cx43 expression and affected its post translation modifications. The treatment with 50 lM GdCl 3 attenuated the overall increase of Cx43 expression (P0 ? P1 ? P2) either in unstimulated and S1P-stimulated cells (%60 and %50%, respectively), suggesting that SAC/SOC channel activation affected, although at different extent, the expression of both the nonphosphorylated and phosphorylated Cx43 isoforms. Silencing of TRPC1 also reduced the overall Cx43 protein expression (%60% of control; p \ 0.05, n 3) (Fig. 2a, b) . In particular, TRPC1-siRNA induced a robust decrease in the P0 and P1 forms, without substantially modifying the levels of P2 forms, which have been previously reported to correspond to Cx43 protein phosphorylated at specific serine residues (S325, S328, and/or S330) [40] . These data indicated that other GdCl 3 -sensitive channels, rather than TRPC1, specifically regulated P2 forms. Reduced Cx43 expression was associated with a significant impairment of the electrical gap junctional coupling, as measured by dual whole-cell voltage patchclamp (Fig. 3) . The treatment with 50 lM GdCl 3 or transfection with TRPC1-siRNA, strongly reduced the amplitude of the transjunctional current (I j ) and steadystate conductance (G j,ss ) in unstimulated myoblasts and prevented the increase of these parameters in S1P-stimulated cells (Fig. 3A, B ; Table 1 ). Notably, both the treatments (TRPC1-siRNA and GdCl 3) reduced, at a similar extent, the formation of homomeric connexons (i.e., connexons formed by one specific connexin isoform), as demonstrated by the shift of G j,ss at ?V j towards more positive potentials as well as by the significant increase of the residual conductance (G min ) at -V j in the presence of S1P. The alterations in TRPC1 expression and function were also accompanied by a smooth dependence of G j,ss on negative voltage between the paired cells (Fig. 3C , Table 1 ), indicating an additional role of TRPC1 in the regulation of the channel selectivity. The greater G j,ss values and G j symmetry of the Boltzmann curves observed in S1P-stimulated cells, further confirmed the role of S1P and TRPC1 in the regulation of gap junction electrical properties and the expression of homomeric connexons [6] . Taken together, all these results indicated that Ca 2? influx through TRPC1 was positively associated with Cx43 expression and intercellular coupling selectivity, suggesting, for the first time, a functional interaction between the two proteins in skeletal myoblast stimulated with S1P. m-Calpain is regulated by S1P and TRPC1 channels and influences Cx43 expression and localization in differentiating myoblasts
We next investigated the involvement of TRPC1-mediated Ca 2? signaling elicited by S1P in the regulation of m-calpain, a Ca 2? -dependent cysteine protease, previously shown to reach maximal activity at the beginning of the myogenic differentiation [33, 41] .
We first showed that m-calpain was significantly enhanced within the first 48 h of C2C12 cell differentiation and this increase was potentiated by S1P (Fig. 4a) . Transfection with TRPC1-siRNA or treatment with 50 lM GdCl 3 , prevented S1P-induced calpain activity, causing a decrease (%75%) in the protease activity, which was comparable to that promoted by specific m-calpain silencing (calpain-siRNA) or by treatment with 30 lM MDL28170, a commonly used calpain inhibitor (Fig. 4b) . Reduced TRPC1 activity also affected m-calpain expression and protein membrane association in S1P stimulated myoblasts (Fig. 4c-e) , in agreement with the previously reported Ca 2? -dependent expression and function of this protease in skeletal muscle [42] . Notably, the up-regulation of Cx43 induced by S1P also required m-calpain activation. Indeed, the treatment with MDL28170 as well as the specific silencing of m-calpain was able to significantly decrease (approximately 40%) the overall Cx43 expression (Fig. 5A-C ) and its interaction with peripheral stress fibres at the plasma membrane (Fig. 5A ). All these data provided intriguing evidence for an involvement of TRPC1-mediated Ca 2? /m-calpain axis in the regulation of the expression/function of Cx43 levels in differentiating myoblasts and underscored a novel signaling pathway for the pro-myogenic action of S1P.
TRPC1/m-calpain/PKCa pathway affects Cx43 expression and cytoskeletal interaction in S1P-induced myoblast differentiation
It has been previously reported that PKCa is a good substrate for m-calpain [33] . We then explored the involvement of this kinase in the regulation of Cx43 expression by TRPC1/calpain axis. According to previous findings [33] , first we found a relationship between PKCa and m-calpain activities during myogenic differentiation (Figs. 4a, 6) ; indeed, the pool of active membrane-associated PKCa decreased after the protease activation in Fig. 2 TRPC1 silencing prevents S1P-induced Cx43 expression in differentiating C2C12 myoblasts. a C2C12 myoblasts were transfected with either scrambled siRNA (SCR-siRNA) or TRPC1-siRNA for 24 h. After 48 h from transfection (T 0 ) the cells were induced to differentiate by shifting in DM in the presence of 1 lM S1P for 48 h. Superimposed DIC and confocal immunofluorescence images of S1P-stimulated C2C12 cells plated on glass coverslips fixed and immunostained with specific antibodies against TRPC1 (red) and Cx43 (green). Arrows indicate regions of cell-to-cell contacts. Insets. Magnifications of the outlined areas. Densitometric analyses of Cx43 and TRPC1 fluorescent signals are reported in the histograms. *p \ 0.05 S1P versus T 0 ,°p \ 0.05 TRPC1-siRNA versus SCRsiRNA. The images are representative of at least three separate experiments with similar results. b Western-blot analysis. Aliquots of proteins from lysates (20 lg) obtained from cells transfected with SCR-siRNA (-) and TRPC1-siRNA (?) and incubated in DM in the presence of S1P (?) for 48 h, were separated by SDS-PAGE and Cx43 and TRPC1 expression analyzed using specific antibodies. P0, P1, and P2 form and the overall Cx43 band intensity relative to b-actin are reported in the graphic. Band intensity, reported as relative percentage to control, was arbitrarily normalized to 100. A blot representative of at least three independent experiments with similar results is shown. **p \ 0.05 TRPC1-siRNA versus SCR-siRNA. Note the marked reduction of Cx43 signal in TRPC1-siRNA transfected cells compared to SCR-siRNA-treated ones at 48 h of differentiation -c) . B Quantification of G j,ss . Data are means ± SEM normalized to SCR-siRNA at 24 h, as indicated in A in the absence (a, -S1P) and in the presence (b, ?S1P) of S1P. Data were evaluated at 24 and 48 h of differentiation. Data from vehicle or SCR-siRNAtreated cells (control) were not significantly different. **p \ 0.01, ***p \ 0.005 and ****p \ 0.001 respect to SCR-siRNA at 24 h (a) and 48 h (b); §p \ 0.05 at 48 h respect to SCR-siRNA at 24 h. C Normalized G j,ss -V j plots evaluated at 24 h (a and b) and 48 h (c and d) in the absence (-S1P) and in the presence (?S1P) of 1 lM S1P in the same experimental conditions as reported in A. The absolute G j,ss values and Boltzmann parameters are shown in Table 1 differentiating myoblasts, especially in those stimulated with S1P for 48 h (Fig. 6a) . Most importantly, the treatments with TRPC1-siRNA, calpain-siRNA (Fig. 6a) , and 50 lM GdCl 3 (Fig. 6b) , induced a significant up-regulation of the activated membrane-associated PKCa in S1P-stimulated cells (%65%), implying a functional link between TRPC1 and the protein kinase isoform. The significant increase (%120%) of overall Cx43 expression in membrane fractions of the cells treated with 5 lM Gö6976, a selective inhibitor of classical Ca 2? -dependent PKCs, supported the involvement of these enzymes in the negative regulation of Cx43 protein in skeletal myoblasts (Fig. 7a) . Moreover, by immunoprecipitation, the interaction between Cx43 and cortactin, a cortical actin binding protein previously shown to mediate Cx43 interaction at the plasma membrane [6] , was impaired by the inhibition of TRPC1/PKCa signaling in S1P-stimulated cells (Fig. 7b) . In particular, the immunocomplex Cx43/cortactin was reduced of approximately of 55%, whereas Cx43 detected by Western blotting and confocal microscopy analyses was decreased in the presence of GdCl 3 of approximately of 80 and 70%, respectively. These latter findings suggest that GdCl 3 may affect the pool of Cx43 interacting with cortactin.
Given that phosphorylation of Cx43 by PKCa has been previously reported to affect the protein conformation and its interaction with other intracellular proteins [6, 22, [43] [44] [45] , taken together all these data implied that TRPC1-mediated m-calpain/PKCa pathway was critically involved in Cx43 remodeling at the plasma membrane. Table 1 Boltzmann Parameters for gap Junctions in untreated and SCR-, GdCb-TRPCl-siRNA-treated C2C12 cell pairs stimulated or not with SIP
Control ( Finally, the biological role played by the above reported signalling in skeletal myogenesis was confirmed by the experiments showing that the treatment with either GdCl 3 , or TRPC1-siRNA or MDL28170 caused a robust reduction of the expression of myogenin, a key myogenic transcriptional factor, and of myotube formation in S1P-stimulated cells (Fig. 7c) .
Discussion
In adult skeletal muscle fibers, intracellular increase of Ca 2? depends upon the activation of peculiar channels which belong to the TRPC family, and function as storedependent and mechanosensitive channels [4, 13, 34, 46] . Of interest, these channels have been recently implicated in the regulation of numerous physiological and pathological processes, such as skeletal muscle differentiation and Duchenne muscular dystrophy [4, 30, 46, 47] . An open question in the field of TRPC signaling is the identification of specific targets by which these Ca 2? gates can affect cell differentiation. In the present study, we contributed to shed some light on this issue, by showing that TRPC1 channel activity is required for the up-regulation of Cx43 expression elicited by S1P in skeletal myoblasts. The physiological significance of this interaction in skeletal myogenesis is consistent with the well-known role of Cx43 in synchronizing cell differentiation among contacting myoblasts [6, 25, 48] , and in making them competent for syncytial fusion [6, 25, 49, 50] . In particular, we have shown that the functional link between TRPC1 and Cx43 protein in S1P-differentiating myoblasts involves the activation of m-calpain/classical PKCs axis, thus contributing to extend our knowledge on the molecular mechanisms by which S1P exerts its pro-myogenic action.
In perfect agreement with the postulated role for PKCa as a negative regulator of myogenesis, we showed here that the physiological decline of PKCs expression during myogenesis was associated with the up-regulation of Cx43 expression in S1P-differentiated myoblasts. These data gain support by the increasing evidence in the literature, showing the critical role played by phosphorylation events in the gap junction turnover [22, 29, 44] . In particular, several kinases, including PKC isoforms, casein kinase, mitogen-activated protein kinase (MAPK) and c-scr kinase, have been shown to phosphorylate the cytosolic carboxyl-terminal domain of Cx43 and mediate the protein internalization and degradation through the activation of lysosomal or proteosomal pathways [28, 29, 51, 52] .
Interestingly, the here reported decrease in PKCa expression during C2C12 cell differentiation was prevented by m-calpain silencing and its specific inhibition, consistent with the accepted idea that this Ca 2? -dependent kinase isoform is a good substrate for the cysteine protease [29, 33, 52] . Until now, the muscle-specific functions of calpains have been mainly restricted to the proteolysis of membrane and cytoskeletal proteins related to myoblast migration and fusion as well as to skeletal muscle dystrophy [31, 33, 35, 41, 53, 54] . Only recently, evidence exists for an involvement of these proteases in other aspects of myogenesis, including the regulation of myogenic transcriptional factors, such as MyoD, Myf5 and myogenin and phosphorylation of p38 MAPK [33, 55] . In such a view, the present data contribute to Fig. 4 m-Calpain activation and expression are affected by S1P and TRPC1 inhibition in differentiating C2C12 myoblasts. a Confluent C2C12 myoblasts were cultured in DM in the presence (dashed line) or absence (control; continuous line) of 1 lM S1P for the indicated times. Calpain activity was determined in intact C2C12 cells using the membrane-permeable fluorescent peptide substrate Sue-LLVY-AMC as described in ''Materials and methods''. Data are means ± SEM of three independent experiments with similar results. Note that calpain activity increases at 24 and 48 h of differentiation and this increase is significantly enhanced by S1P (*p \ 0.05 24 h and 48 h versus T0 and $ p \ 0.05 S1P-stimulated versus unstimulated (control) cells. b C2C12 cells were transfected with scrambled siRNA (SCR-siRNA), TRPC1-siRNA, m-calpain-siRNA or treated with vehicle (DMSO) or 50 lM GdCl 3 and 30 lM MDL28170 and cultured in DM in the presence of 1 lM S1P for 48 h. Data are means ± SEM of three independent experiments with similar results. **p \ 0.01 treated versus controls. HEPES treatment was not significantly different from DMSO. Note that treatment with GdCl 3 and transfection with TRPC1-siRNA reduce S1P-induced calpain activity at a similar extent as treatment with MDL28170 and m-calpain-siRNA. c Superimposed DIC and confocal fluorescence images of C2C12 cells immunostained for m-calpain. Confluent C2C12 cells were grown on glass coverslips in proliferation medium (basal) and induced to differentiate by shifting in DM in the presence or absence of 1 lM S1P for the indicated times. In some experiments, the cells were treated with 50 lM GdCl 3 prior S1P stimulation. After fixation, the cells were stained with specific antibodies against calpain (green). Proteins (15 lg) obtained from membrane fractions were separated on SDS-PAGE and the content of Cx43 analyzed using specific antiCx43 antibodies. Band intensity, was reported as relative percentage of the ratio between overall Cx43/b-actin, normalized to control (SCR-siRNA), set as 100, as shown in the graphic. A blot representative of at least three independent experiments with similar results is shown. *p \ 0.05. C C2C12 myoblasts were incubated in DM in the absence (control) or presence of 1 lM S1P and/or 30 lM MDL28170 (MDL) for 48 h and then processed for Western-blot analysis as in B. Band intensity was reported as relative percentage of the ratio between overall Cx43/ b-actin, normalized to control, set as 100, as shown in the graphic. A blot representative of at least three independent experiments with similar results is shown. **p \ 0.01 S1P and MDL versus control § p \ 0.05 S1P ? MDL versus S1P. Note that inhibition of calpain is accompanied by reduced Cx43 expression and localization along the peripheral stress fiber extend the list of the biological actions of m-calpain in skeletal muscle, including Cx43 protein expression and membrane stability, as critical events of its action in the promotion of myogenesis by S1P. We may exclude a direct effect of calpain on Cx43, as reported on other connexin isoforms [56, 57] , based on the findings that the genetic and pharmacological inhibition of the cysteine protease was associated with reduced, instead of increased, Cx43 expression levels in C2C12 myoblasts. Moreover, the cleavage of the C-terminal tail of the gap junction protein [27] by calpain may also be ruled out in our experimental conditions, considering that the protein detection in the Western-blot analysis was performed using specific antibodies against the C-terminal region of Cx43.
Of interest, we also demonstrated that m-calpain/classical PKCa axis and Cx43 up-regulation were dependent on the activation of TRPC1 channel by S1P during the early phases of differentiation, since reduced channel expression and activity was able to dramatically affect m-calpain/ PKCa pathway. By dual whole cell patch-clamp electrophysiological analysis, it was possible to reveal that TRPC1 functions were also required for the gap-junctional coupling and selectivity.
We finally tried to answer the question of how TRPC1/ PKCa-dependent phosphorylation could affect Cx43 protein function in skeletal myoblasts. It has been previously reported by our group and others that actin-binding proteins provide a physical linkage between Cx43 and the cortical cytoskeleton and that these interactions are required for maintaining functional Cx43-formed gap junctions in differentiating myoblasts [6, 58] . Among the different proteins interacting with connexins are the ZO proteins, vinculin, ezrin, a-actin and cortactin [6, 47, 58] . In this study we showed that TRPC1 channels could regulate the remodeling of a specific pool of Cx43 protein, likely through the stabilization and coordination of its interaction with cortactin. This assumption is consistent Note that the active pool of membrane associated-PKCa progressively decreases with myoblast differentiation both in unstimulated and S1P-stimulated cells and that the treatment with TRPC1-siRNA, m-calpain-siRNA and GdCl 3 prevents the reduction of active PKCa with previous observations in the literature showing that Ca 2? / PKCa -dependent phosphorylation of connexins [44] can influence their interaction with other proteins at the plasma membrane [22, 45] .
In conclusion, taken together, the present findings show for the first time that TRPC1 channels are involved in Cx43 protein expression in skeletal myoblasts stimulated to differentiate by S1P, and propose that the key events downstream the activation of the Ca 2? channels, are represented by m-calpain activation, calpain-dependent PKCa reduction and Cx43 protein plasma membrane stabilization (see diagram Fig. 8 ). The identification of this pathway may contribute to increase our knowledge on the role played by S1P and TRPC1-mediated Ca 2? signaling in skeletal myogenesis, involving the expression of proteins with short half-life turnover, such as connexins, whose regulation is essential for many cellular functions [24, 59, 60] . In our opinion, the newly identified pathway may represent a stimulus for the development of selective pharmacological compounds with possible applications in the treatment of skeletal muscle disorders characterized by impaired TRPC channel function. Note that S1P-induced Cx43-cortactin interaction requires TRPC1 activity in differentiating C2C12 myoblasts. c Confocal immunofluorescence images of confluent C2C12 cells cultured on glass coverslips in DM plus 1 lM S1P for 48 h in the presence or absence of 50 lM GdCl 3 and 30 lM MDL28170, or transfected with TRPC1-siRNA fixed, immunostained for myogenin expression (green) and counterstained with TRITC-phalloidin to reveal actin filaments (red). The inhibition of GdCl 3 -sensitive and TRPC1 channels as well as the treatment with the calpain inhibitor results in a marked reduction of myogenin-positive nuclei and myotube formation Fig. 8 Molecular mechanisms underlying the effects of S1P on Cx43 expression, membrane association, and stabilization. The activation of S1P-specific receptors induces TRPC1 and GdCl 3 -sensitive channel opening and, in turn, promotes Ca 2? entry, followed by the activation of m-calpain, a calcium-dependent protease. This causes a decrease in PKCa activity, due to proteolysis, and, as a consequence, a decrease of Cx43 phosphorylation and internalization. Together with enhanced Cx43 biosynthesis induced by elevated intracellular Ca 2? , this results in increased amount of Cx43 in cell membranes following S1P stimulation
